HIV protease inhibitors (HPIs) are potent antiretroviral agents clinically used in the management of HIV infection. Recently, HPI therapy has been linked to the development of a metabolic syndrome in which adipocyte insulin resistance appears to play a major role. In this study, we assessed the effect of nelfinavir on glucose uptake and lipolysis in differentiated 3T3-L1 adipocytes. An 18-h exposure to nelfinavir resulted in an impaired insulin-stimulated glucose uptake and activation of basal lipolysis. Impaired insulin stimulation of glucose up take occurred at nelfinavir concentrations >10 mol/l (EC 50 ‫؍‬ 20 mol/l) and could be attributed to impaired GLUT4 translocation. Basal glycerol and free fatty acid (FFA) release were significantly enhanced with as low as 5 mol/l nelfinavir, displaying fivefold stimulation of FFA release at 10 mol/l. Yet, the antilipolytic action of insulin was preserved at this concentration. Potential underlying mechanisms for these metabolic effects included both impaired insulin stimulation of protein kinase B Ser 473 phosphorylation with preserved insulin receptor substrate tyrosine phosphorylation and decreased expression of the lipolysis regulator perilipin. Troglitazone pre-and cotreatment with nelfinavir partly protected the cells from the increase in basal lipoysis, but it had no effect on the impairment in insulin-stimulated glucose uptake induced by this HPI. This study demonstrates that nelfinavir induces insulin resistance and activates basal lipolysis in differentiated 3T3-L1 adipocytes, providing potential cellular mechanisms that may contribute to altered adipocyte metabolism in treated HIV patients.
C urrent antiretroviral treatment (highly active antiretroviral therapy [HAART] ) has improved the prognosis of patients with HIV by dramatically suppressing HIV viral load, increasing CD4 counts, and reducing opportunistic infections associated with AIDS (1, 2) . However, it is increasingly recognized that as much as 83% of the patients receiving this treatment develop metabolic abnormalities, which include dyslipidemia (elevated triglycerides and cholesterol), central adiposity, and peripheral lipodystrophy (3, 4) . Interestingly, treated HIV patients who developed this clustering of metabolic abnormalities were also found to have elevated fasting insulin or C-peptide levels (5-7), strongly suggesting that these individuals develop systemic insulin resistance. Moreover, elevated C-peptide levels appear to be a reliable predictor for the development of lipodystrophy. Importantly, it is becoming increasingly recognized that these patients may be at high risk for developing premature cardiovascular morbidity as well as type 2 diabetes, emphasizing the medical significance of the metabolic dysregulation associated with HAART (4, 7, 8) .
Which component of the antiretroviral regimen, or whether the HIV infection itself, is responsible for this seemingly serious abnormality is not fully clear. AIDS is frequently associated with hypertriglyceridemia, but with reduced total, LDL, and HDL cholesterol (9, 10) . Nucleoside reverse transcriptase inhibitors may also be associated with hepatic steatosis and lactic acidemia, which are thought to result from mitochondrial damage caused by these agents (11) . Yet, an increasing amount of clinical and epidemiological data attributes a central role for the HIV protease inhibitors (HPIs) in the induction of insulin resistance in HAART-treated patients (3, 5, 6, 12, 13) . HPIs are a central component of the HAART regimen, as they are potent inhibitors of HIV aspartyl protease, an enzyme required for normal processing of HIV proteins (14 -16) . It appears that all HPI compounds induce insulin resistance and lipid abnormalities to various degrees (3, 17) , but the mechanisms for these serious side effects are largely unknown.
Only a few studies have been published recently regarding alterations in insulin signaling and insulin-regulated metabolism caused by HPIs at the cellular level. Using different agents and incubation periods, protease inhibitors have been shown to impair insulin signaling events in HepG2 cells (18) , to inhibit adipocyte differentiation (19, 20) , and to decrease adipocyte insulin-stimulated glucose transport without affecting the insulin signaling cascade (21) . Yet, despite the fact that impaired adipose tissue metabolism is at the center of the HPI-induced metabolic syndrome, a systematic evaluation of the effects of HPIs on fully differentiated adipocyte metabolism has not been reported.
In this study, we investigated the effect of nelfinavir, a clinically used HPI, on glucose transport and lipolysis in differentiated 3T3-L1 aidpocytes, with emphasis on insulin responsiveness. We demonstrate that 18 h of exposure to nelfinavir results in increased basal lipolysis, an effect associated with reduced expression of perilipin, a protein thought to be important in the regulation of lipolysis (22, 23) . In addition, with higher concentrations, nelfinavir impairs insulin stimulation of glucose transport, protein kinase B (PKB) phosphorylation, and GLUT4 translocation.
RESEARCH DESIGN AND METHODS
Cell culture and treatments. 3T3-L1 adipocytes (American Type Culture Collection) were grown in Dulbecco's modified Eagle's medium (DMEM) (Biological Industries, Beit-Haemek, Israel) and differentiated exactly as previously described (24, 25) . Fully differentiated cells (12-14 days after induction of differentiation) were incubated in serum-free DMEM supplemented with 0.5% radioimmunoassay (RIA)-grade bovine serum albumin (BSA) (Sigma, St. Louis, MO), with or without various concentrations of nelfinavir, for 18 h. For stock solution, nelfinavir (Roche Pharmaceuticals, Tel Aviv, Israel) was prepared at 100 mmol/l concentration in 100% ethanol, resulting in maximal final ethanol concentration of 0.04%. Cell viability, as assessed by protein recovery and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide test, was unaffected with up to 40 mol/l nelfinavir. For pre-and cotreatment with troglitazone (10 mol/l, provided by Drs. Alan Saltiel and Heidi Camp, Parke-Davis, Ann-Arbor, MI), cells were incubated in full DMEM for 6 h before and then in serum-free medium during nelfinavir treatment. Hexose transport measurements. 2-Deoxyglucose (2DG) uptake was performed after rinsing the cells with phosphate-buffered saline (PBS) and incubating them without or with 100 nmol/l insulin for 20 min, exactly as previously described (24, 26) , using 50 mol/l 2-deoxy- [ 3 H]glucose (Nuclear Research Center, Dimona, Israel) (3.7 ϫ 10 4 Bq/ml) for 10 min. Lipolysis determinations. For basal lipolysis measurements, glycerol and free fatty acids (FFAs) were measured in the medium after the 18-h incubation. For other studies of FFA release, cells were rinsed three times with PBS (after the 18-h nelfinavir treatment) and further incubated for 1 h with KrebsRinger phosphate buffer (KRPB) (HEPES 50 mmol/l, pH 7.4, NaCl 128 mmol/l, KCl 4.7 mmol/l, CaCl 2 1.25 mmol/l, MgSO 4 1.25 mmol/l, and sodium phosphate 10 mmol/l) supplemented with 1% RIA-grade BSA, as previously described (27) . For maximally stimulated lipolysis and for insulin anti-lipolysis measurements, isoproteranol (Sigma) at either maximal (1 mol/l) or submaximal (5 nmol/l) stimulatory concentrations, respectively, was added during the 1-h incubation in KRPB in the absence or presence of 100 nmol/l insulin. FFA concentrations were determined using a commercial kit (Roche, Mannheim, Germany), following the instructions of the manufacturer, and calculated according to a palmitic acid standard curve. Glycerol was measured spectrophotometrically using a glycerol 3-phosphate oxidase trinder kit (Sigma). Cell lysates, total membranes, and Western blots. Cells (one to two wells of a six-well plate per condition) were rinsed three times with PBS. Total membranes were prepared after homogenization of the cells in 250 mmol/l sucrose, 20 mmol/l HEPES, pH 7.4, 1 mmol/l EDTA, 0.2 mmol/l sodium vanadate, and inhibitors (a 1:1,000 dilution of protease inhibitor cocktail [Sigma]), as previously described, and analyzed for GLUT4 content by Western blot analysis using anti-GLUT4 antibody (Chemicon, Temecula, CA) (24) . For Western blot analyses of other proteins, cell lysates were prepared in 50 mmol/l Tris-HCl, pH 7.5, 0.1% (wt/vol) triton X-100, 1 mmol/l EDTA, 1 mmol/l EGTA, 50 mmol/l NaF, 10 mmol/l Na ␤-glycerophosphate, 5 mmol/l sodium pyrophosphate, 1 mmol/l sodium vanadate, and 0.1% (vol/vol) 2-mercaptoethanol, supplemented with inhibitors as above. After centrifugation of the lysates (12,000g for 15 min at 4°C), the fraction between the pellet and the adipose cake was collected, and protein concentration was determined using Bio-Rad reagent. Then, 15-50 g protein was resolved on 7.5 or 10% SDS-PAGE and subjected to Western blot analyses using the following antibodies: anti-insulin receptor substrate (IRS)-1, anti-PKB PH domain, and anti-phosphotyrosine (4G10) antibodies (purchased from Upstate Biotechnology [Lake Placid, NY]); anti-Ser 473 PKB antibody (from Cell Signaling [Beverly, MA]); and antihormone-sensitive lipase (HSL) and anti-perilipin antibody recognizing both the A and B isoforms (prepared as previously described) (22) .
Immunofluorescent detection of GLUT4 in plasma membrane lawns.
Cells cultured on glass coverslips in six-well plates were treated for 18 h without or with 30 mol/l nelfinavir and subsequently rinsed once in ice-cold PBS, followed by a 30-s incubation on ice with 0.5 mg/ml of poly-L-lysine in PBS. The cells were then swollen in a hypotonic buffer (23 mmol/l KCl, 10 mmol/l HEPES, pH 7.5, 2 mmol/l MgCl 2 , and 1 mmol/l EGTA) by three successive rinses. Thereafter, cells were sonicated for 5 s using a 5-mm microtip set 1 cm above the surface of the cell monolayer in 10 ml of sonication buffer (70 mmol/l KCl, 30 mmol/l HEPES, pH 7.5, 5 mmol/l MgCl 2 , 3 mmol/l EGTA, 1 mmol/l dithiothreitol, and 0.1 mmol/l phenylmethylsulfonyl fluoride). The bound plasma membrane sheets were washed two times with sonication buffer; fixed for 20 min at 4°C in a solution containing 2% paraformaldehyde, 70 mmol/l KCl, 30 mmol/l HEPES, pH 7.5, 5 mmol/l MgCl 2 , and 3 mmol/l EGTA; and incubated for an additional 15 min at 25°C in 100 mmol/l glycine-PBS (pH 7.5). After three rinses with PBS, the sheets were blocked overnight at 4°C in PBS containing 5% goat serum (Zymed lab, San Francisco, CA) and further incubated at 4°C overnight with a 1:500 dilution of the GLUT4 antibody. The plasma membrane sheets were then washed six times with PBS and incubated overnight at 4°C with a 1:500 dilution of Cy3-conjugated AffiniPure goat anti-rabbit IgG (Jackson Immunoresearch, Baltimore, PA). After incubation with the secondary antibodies, the membrane sheets were washed six times with PBS and mounted for microscopic analysis with Vectashield mounting medium (Vector Laboratories). Laser confocal microscopy images were obtained using a LSM 510 Zeiss (Oberkochen, Germany) laser confocal microscope. Statistical analysis. The Student's t test was used for comparing values of two groups. P ϭ 0.05 was considered the limit for statistical significance.
RESULTS
Effect of nelfinavir on glucose transport and glucose transporters. Fully differentiated 3T3-L1 adipocytes were exposed for 18 h to the indicated nelfinavir concentrations as described in RESEARCH DESIGN AND METHODS, after which 2DG uptake was measured (Fig. 1A) . Although 10 mol/l nelfinavir treatment was not associated with any significant change, higher concentrations were associated with elevated basal levels and gradually reduced insulin-stimulated 2DG uptake. With 30 mol/l nelfinavir, net insulin effect was reduced from 310 Ϯ 19 in control cells to 54 Ϯ 11 pmol 2DG/mg protein per min (P Ͻ 0.001), with an EC 50 of ϳ20 mol/l. To investigate whether decreased abundance of the insulin-responsive glucose transporter GLUT4 could explain the reduction in insulin-stimulated glucose transport, total membranes were prepared and analyzed by Western blot. Figure 1B demonstrates that total membrane GLUT4 content was not significantly changed by nelfinavir at concentrations of 10 -40 mol/l. We next assessed insulin-stimulated GLUT4 translocation by immunofluorescent detection of GLUT4 in plasma membrane lawns. Figure 1C demonstrates that 30 mol/l nelfinavir was not associated with a significant change in plasma membrane GLUT4 abundance in the non-insulin-stimulated state. Yet, after insulin stimulation, an impairment in insulin-stimulated GLUT4 translocation to the plasma membrane could be observed. Nelfinavir alters adipocyte lipolysis. Since HPI treatment is associated with both peripheral insulin resistance as well as peripheral lipodystrophy, which suggests alterations in adipocyte lipid metabolism, we next assessed the effects of nelfinavir on adipocyte lipolysis. An 18-h exposure to nelfinavir resulted in a marked stimulation of basal lipolysis, as assessed by the increase of both FFAs and glycerol levels in the culture medium ( Fig. 2A) . Interestingly, this effect of nelfinavir could be observed at concen-trations as low as 5 mol/l, whereas 10 mol/l, which did not alter glucose transport activity (Fig. 1A) , was already associated with a 5.74 Ϯ 0.70 -fold increase in FFA release. To assess whether the insulin resistance observed (Fig.  1A) could be similarly demonstrated on the acute antilipolytic action of insulin, cells were submaximally stimulated with 5 nmol/l isoproteranol, without or with 100 nmol/l insulin, for 1 h after nelfinavir treatment. As depicted in Fig. 2B , FFA release in control cells was stimulated ϳ18-fold by 5 nmol/l isoproteranol and was decreased by 58% in the presence of insulin. In cells treated for 18 h with 5 and 10 mol/l nelfinavir, insulin demonstrated a preserved antilipolytic effect, resulting in 63 and 54% inhibition of isoproteranol-stimulated FFA release, respectively. At 30 mol/l nelfinavir, no significant stimulation of FFA release could be demonstrated with 5 nmol/l isoproteranol, and only a nonsignificant 9% decrease could be induced by insulin. Interestingly, in both nelfinavir-treated and untreated cells, exposure to 1 mol/l isoproteranol resulted in a further increase in lipolysis rate compared with 5 nmol/l isoproteranol, reaching similar rates of FFA release the medium (data not shown). Potential cellular mechanisms for nelfinavir-stimulated lipolysis and insulin resistance. Long-term regulation of lipolysis may involve alterations both in the expression level of HSL and in perilipins. The latter are believed to regulate lipolytic activity by limiting the access of HSL to the lipid droplets (28 -30) . Figure 3A demonstrates the effect of nelfinavir on the content of these two proteins. As shown in the upper blot, HSL protein content was not elevated in nelfinavir-treated cells compared with control cells, and it even tended to decrease with concentrations of 30 mol/l. This finding suggests that the increased basal lipolysis shown above ( Fig. 2A ) cannot be attributed to increased HSL expression. The lower blot demonstrates the protein content of the two isoforms of perilipin, A and B (molecular weight 57 and 46 kDa, respectively). A gradual decrease in adipocyte perilipin content with increasing nelfinavir concentrations could be seen, beginning with as low as 10 mol/l nelfinavir, and involved both isoforms.
To investigate the potential mechanisms by which nelfinavir treatment impairs the insulin signaling cascade, cells were incubated with nelfinavir for 18 h and then stimulated with 100 nmol/l insulin for 7 min. Tyrosine phosphorylation of a band of ϳ185 kDa, corresponding to IRS-1 and -2, is shown in Fig. 3B along with an IRS-1 immunoblot. As shown, nelfinavir treatment had no effect on either IRS-1 content nor on its insulin-stimulated tyrosine phosphorylation. Similarly, insulin-stimulated tyrosine phosphorylation of the ␤-subunit of the insulin receptor (ϳ95 kDa band) was unaffected by nelfinavir treatment (not shown), 
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suggesting that nelfinavir did not impair early steps in the insulin signaling cascade. In contrast, insulin-stimulated Ser 473 phosphorylation of PKB was significantly inhibited by nelfinavir concentrations of at least 20 mol/l, without alterations in its total protein content (Fig. 3C) . Densitometric analyses show a dose-dependent effect, which parallels the effect observed on 2DG uptake activity (Fig. 1A) . These data suggest a potential role for reduced perilipin content in nelfinavir-stimulated lipolysis and an impairment in insulin-stimulated PKB phosphorylation in the induction of insulin resistance.
Insulin and thiazolidinediones significantly inhibit nelfinavir-stimulated lipolysis. We next assessed whether the induction of basal adipocyte lipolysis by nelfinavir treatment could be blocked by acute insulin treatment or by pre-and coincubation with the thiazolidinedione (TZD) insulin-sensitizer troglitazone. Figure 4A demonstrates that both agents display a significant capacity to inhibit nelfinavir-stimulated FFA release, particularly at lower concentrations of this HPI. At a nelfinavir concentration of 30 mol/l, only troglitazone provided a mild but significant inhibition in FFA release. To determine whether troglitazone could also protect against the impairment in insulin action induced by nelfinavir, insulin-stimulated 2DG uptake was measured. As shown in Fig. 4B , insulin-stimulated 2DG uptake activity was increased by nearly 20% in troglitazone-treated control cells. This effect of troglitazone was only marginally significant when cells were cotreated with 10 mol/l nelfinavir and was completely absent at 30 mol/l. These results indicate that although troglitazone showed a certain capacity to protect against the metabolic effects of nelfinavir, troglitazone became less efficient with increasing doses of this agent.
DISCUSSION
HPI treatment, which dramatically improved the prognosis of HIV-infected patients, appears to cause or aggravate a metabolic syndrome with potentially severe consequences (7). The cellular mechanisms underlying the appearance of this syndrome are largely unknown. The clinical evidence of systemic peripheral insulin resistance, as well as the high prevalence of peripheral lipodystrophy and central adiposity, suggests that altered adipose tissue metabolism may have a central role in the development of this syndrome (4, 8) . Here, we demonstrate that the HPI nelfinavir, when incubated with 3T3-L1 adipocytes for an 18-h period, results in both increased basal lipolysis as well as resistance to the acute metabolic actions of insulin. These two effects display distinct sensitivities to nelfinavir, with the activation of lipolysis occurring at lower concentrations of nelfinavir than those at which the induction of insulin resistance occurs.
A recent study on the effect of HPI on glucose transport activity in differentiated 3T3-L1 adipocytes also reached the conclusion that HPIs impair insulin-stimulated glucose uptake activity (21) . This impairment was associated with normal GLUT4 expression as well as with preserved insulinstimulated tyrosine phosphorylation events. However, although impaired insulin-stimulated GLUT4 translocation associated with decreased PKB Ser 473 phosphorylation was observed in our study (Figs. 1C and 3C ), these were reported as normal in the study by Murata et al. (21) . This discrepancy may be attributed to the different HPI agents used in the two studies and possibly also to the concentrations and duration of incubation used.
Significant activation of basal lipolysis occurred at nelfinavir concentrations as low as 5 mol/l, whereas the HPI effect on insulin-stimulated glucose uptake was only observed at higher concentrations ( Fig. 2A) . These findings suggest that these two metabolic changes are the result of independent mechanisms. In addition, although it is tempting to speculate that the insulin resistance is secondary to the activated lipolysis, the studies with troglitazone do not necessarily support this notion. Although troglitazone at least partly inhibited nelfinavir-induced lipolysis, it did not protect against the decrease in insulin-stimulated glucose uptake. The decreased efficiency of troglitazone with increasing nelfinavir concentrations may be consistent with a recent report demonstrating decreased peroxisome proliferator-activated receptor-␥ protein content in nelfinavirtreated 3T3-L1 adipocytes (20) . This finding may explain the reduced expression of various adipocyte-specific proteins in response to nelfinavir treatment, as well as the inhibition of the preadipocyte to the adipocyte differentiation program (20) . In the present study, adipocyte differentiation was not directly assessed. Yet, GLUT4 protein content was unaffected by nelfinavir treatment (Fig. 1B) , whereas HSL content at the higher range of nelfinavir used, and perilipin also at lower concentrations, were found to be reduced (Fig. 3A) .
Perilipins, located under basal conditions at the phospholipid interphase of the triglyceride droplet, are believed to limit HSL access to its substrate (28 -30) . Consequently, a reduction in their abundance results in higher HSL action on triglyceride storage pools. A recent perilipin-knockout model also largely supports an inhibitory role of perilipin on HSL action (23) . Interestingly, in 3T3-L1 adipocytes, reduced perilipin content was previously suggested as a mechanism for the activation of lipolysis in response to tumor necrosis factor (TNF)-␣ (22) . An intriguing possibility may thus be raised: that nelfinavir stimulates TNF secretion from 3T3-L1 adipocytes, which in turn acts in an autocrine loop to stimulate lipolysis. Yet, preliminary experiments could not demonstrate increased TNF secretion after nelfinavir treatment of 3T3-L1 adipocytes (unpublished observation).
The exact mechanism by which nelfinavir impaired insulin signaling is unknown. Assuming that nelfinavir inhibited a cellular protease, acting in a non-HIV proteasespecific manner, our results imply that normal function of the insulin signaling network requires the action of such a protease. Interestingly, recent studies of genetic linkage analysis suggest that alterations in the protease calpain 10 gene may contribute to the development of insulin resistance and type 2 diabetes (31, 32) . Moreover, since a nonspecific protease inhibitory action may affect multiple cellular processes, it is not surprising that diverse functions may be affected, acting in concert to lead to the development of lipodystrophy. Consistently, HPIs have been shown to interfere in the differentiation program from preadipocytes to adipocytes (19, 20) , possibly resulting in compromised balance between these two cell populations in adipose tissue. Induction of adipocyte apoptosis has also been documented (20, 33) , suggesting an additional mechanism for adipose tissue loss by HPIs. How these different mechanisms for the loss of adipose tissue and/or its triglyceride stores interrelate-for example, whether they form a continuity of events in the development of peripheral lipoldystrophy-remains to be sorted out.
In the present study, we demonstrate that insulin and troglitazone may protect against certain aspects of the abnormalities induced by nelfinavir. This finding correlates with clinical data suggestive of beneficial metabolic effects of TZD treatment of HAART-treated HIV patients (34, 35) . The fact that a beneficial effect could be observed both clinically as well as in the 3T3-L1 adipocyte cell line model suggests the potential validity of this in vitro system for studying potential therapeutic interventions for HPIinduced adipocyte abnormalities.
